Abstract: An analytical investigation is performed on chevron braced frames using the shear panel system (SPS) and verified based on experimental results. This paper aims to determine key issues influencing the cyclic behavior and energy dissipation capacity of this kind of ductile braced frame. An extended analytical model is presented to evaluate the lateral stiffness of the SPSs at different levels of nonlinear deformation. The expressions developed in this model may be used to select the geometric properties of the SPS based on the desired ductility. Finally, the results obtained from testing on five full-scale braced specimens are used to verify the validity of the proposed model. The experimental specimens showed approximately 30% hysteretic damping ratio and their SPSs reached a plastic rotation of about 0.15 rad.
Introduction
A variety of modifications have been applied to conventional bracing systems to promote their ductility and energy dissipating capacity (Roeder and Popov 1978; Aristizabal-Ochao 1986; Balendra et al. 1990a Balendra et al. , 1990b Sam et al. 1995) . In most of the modified methods, the goal is to concentrate the large inelastic deformation into a secondary element. The idea of yielding concentration has been reflected in the metallic damper, proposed by Bergman and Hanson (1990) and then developed by Xia and Hanson (1992) . Some of these ideas are not restricted to buildings and thus they have been used in bridge piers or towers (Itani 1997; Bruneau 1999a, 1999b; and Dusicka et al. 2002) . In contrast to earlier systems, the recently proposed dampers are carefully detailed such that they can easily be replaced by new ones after being damaged during probable earthquakes. Among a variety of yielding devices, the shear panel system (SPS) is well documented (Soong and Dargush 1997; Bruneau 1999a, 1999b) . This device acts primarily as a shear yielding damper. In shear yielding devices, a large amount of material exceeds the linear limit leading to greater energy dissipating capability. This advantage of shear yielding devices encouraged the researchers to study on various types of shear panel systems, such as vertical links. The vertical links are categorized as a sort of eccentrically bracing system according to AISC seismic provisions (2010) . Earlier studies have shown that low yield strength materials have high ductility with stable cyclic behavior (Nakashima et al. 1994 ). Williams and Albermani (2003) tested a device consisting of a short length of square hollow section inside which a diaphragm plate was welded. It was positioned between the braces and the main members of a braced frame. All devices yielded at quite low deformation and sustained large ductility without failure. At a thickness of 3 mm the best combination of dissipative capacity and robustness was obtained. As supported by Matteis et al. (2008) through a numerical and experimental study, the combination of low-yield material, such as aluminum, and plate working in shear could be very effective. Using pure aluminum shear panels, Matteis et al. (2007) evaluated the contribution of these panels to the structural seismic performance. Zahrai and Moslehi Tabar (2006) performed some numerical studies on cyclic behavior of chevron braced frames with SPS using the finite element analysis software ANSYS. A simple preliminary model was proposed for prediction of the link behavior. Moreover, Durucan and Dicleli (2010) , through some case studies, investigated the effects of yielding shear link on seismic performance of a school and an office building. They compared this system with conventional squat infill shear panels and proved that the building retrofitted with yielding shear link had a more stable lateral displacement behavior.
This paper aims to analytically investigate cyclic behavior of chevron braced frames having SPS considering their post-yield characteristics. Some key factors affecting the cyclic behavior of such ductile braced frames are studied including: cross-sectional properties of the link, link length, brace slenderness, web stiffen-ers, and the effect of the elements connected to the link. The main contribution of this research is to present a more accurate and sophisticated model to describe the mechanical performance of the SPSs. The justification and the calibration of this new model are performed based on the experimental work briefly reviewed in this research. The experimental work comprises cyclic loading tests on five single story -single bay frames having IPE sections as SPS (contrary to the commonly used wide flange link beams). The SPS material is chosen to be conventional nominal mild steel.
Analytical model for SPS lateral stiffness
Modeling of the SPSs has been performed in previous researchoriented projects using the refined finite element method (Ghobarah and Ramadan 1991; Zahrai and Moslehi Tabar 2006; Daryan et al. 2008; and Hossain et al. 2011) . This modeling, however, is not convenient for practical purposes. Furthermore, there has been some research in which SPS performance was modeled mainly based on calibration of experimental results. Ramadan and Ghobarah (1995) extended a multilinear force-deformation relationship for the SPS. The SPS stiffness for different stages of loading is developed according to the existing test data. Richards and Uang (2005) focused mainly on the ultimate strength and rotation capacity of the links according to some experimental results. This paper is to present a more accurate and sophisticated model to describe the mechanical performance of the SPSs. The validity of this new model will be experimentally examined in the next sections of the paper. It is preferred to find an analytical model of the SPS as a single nonlinear link used in practical analyses. The resulting model can be employed for structural analysis using a variety of general-purpose structural analysis programs.
Consider a frame braced by the SPS, as shown in Fig. 1a , assuming that the braces are extremely stiff and their corresponding deformation is negligible. The deformation of the SPS and the panel zone of the floor beam are illustrated in Fig. 1b . For simplicity, the panel zone of the floor beam is addressed in the modeling of the SPS (see Fig. 1c) .
The model consists of two springs in series: one reveals the SPS stiffness, k sp , and the other considers the beam panel zone stiffness, k pz . Because no significant yielding was observed within the beam panel zone during the tests, as will be explained later in this paper, the spring showing the panel zone stiffness is taken to be linear, as proposed by Krawinkler (1978) (1)
where d b is the the floor beam depth, t wb is the web thickness of floor beam, G is the shear modulus of the web, and d sp is the SPS depth. The coefficient is considered to convert the shear force acting on the beam panel zone to that of the SPS, and is obtained as follows:
where L b and L sp are the beam length and the net length of SPS, respectively. The performance of the SPS may be categorized into four main stages: (i) elastic flange -elastic web; (ii) elastic flange -plastic web; (iii) plastic flange -plastic web; and (iv) plastic flange -locally buckled web. Different stages are shown schematically in Fig. 2 . The SPS lateral stiffness is formulated based on these four stages, as follows.
Stage i: Elastic flange -elastic web
The SPSs selected in this research are in the range of short beams (or, say, deep beams) to yield preferably in shear. Consequently, an accurate formulation is necessary to predict the behavior of the SPS as a deep beam. For this purpose, the study carried out by Taylor (1949) is employed. The effect of shear deformation and the effect of abrupt changes in shearing stress are addressed in the formulations. According to this study, the lateral displacement of the SPS can be estimated as follows: where E is the Young modulus of the flange; G is shear modulus of the web; A w is the web area; I and I f are moment of inertia of the complete section and flange moment of inertia about its neutral axis, respectively; t f and h are flange thickness and the centerto-center distance between the flanges, respectively; and
According to eq. (3), the following relation can be developed for the SPS elastic stiffness:
For longer links the term e ϪpL sp may be neglected, leading to a much simpler equation obtained from the well-known beam theory.
It would be of interest if the effect of the beam panel zone was addressed in the model of SPS performance. Because the beam panel zone behaves elastically, its stiffness is high and worthwhile to include only in the first stage, in which the SPS is elastic as well. For the other stages, the effect of panel zone deformation vanishes. Considering eqs. (1) and (4), the total lateral stiffness is:
Stage ii: Plastic web -elastic flange As the web exceeds its elastic limit, a major reduction occurs in its stiffness. In this condition, the flange flexural stiffness will be the main source of resisting lateral load. In the presence of web stiffeners and end plates connected to the SPS, the flanges may be considered as the columns of a multistorey frame having rigid floor beams. Consequently, the SPS lateral stiffness can readily be computed as follows:
in which n denotes the number of panels surrounded by the web stiffeners. If the SPS section has thick flanges, the aforementioned stiffness is the dominant agent of SPS stiffness in this stage. Otherwise, the plastic shear stiffness of the web is also important. Consequently, eq. (6) is modified as follows:
Stage iii: Plastic web -plastic flange In this stage, a complete plastic hinge takes place in the flanges and the web shows a pure shear deformation. As a result, the SPS may be modeled by n panel zones connected in series.
where G s is the tangent shear modulus.
Stage iv: Plastic flange -locally buckled web As will be described later, the web sustains large plastic shear deformation and loses its stiffness considerably. Consequently, it is highly prone to shear buckling. The web shear buckling takes place after stage iii, that is, as the shear stress exceeds the following value: (9) cr ϭ p ϩ crs where p and crs designate the fully plastic and the critical shear stresses. When the web is fully plastic, the critical shear stress is
where E s is the tangent modulus of elasticity (commonly considered equal to E/100), v is Poisson's ratio, and t sp is the web thickness of the SPS. After the web buckling, for simplicity, it is assumed that the lateral load is resisted by the tension field action. However, in this state, the whole web is in the plastic range. Accordingly, the tension field action theory may be used assigning the tangent modulus of elasticity for the web material. The following relation yields for the postbuckling lateral displacement:
and in consequence, the corresponding post-buckling lateral stiffness (12)
where the angle of inclination, , and the effective width, S, of the tension field can be estimated as follows (Salmon and Johnson 2008) :
Evaluation of ultimate plastic lateral deformation
Because of the weld inherent fragility and the stress concentration in the weld connecting the end plates to the SPS, the SPS connections are susceptible to rupture. In essence, although the behavior of SPS is mostly dominated by shear deformation, a small bending exists at the end of the SPS. The presence of the shear and flexural stresses adjacent to the welds induces stress triaxiality (Blodgett 1992; El-Tawil et al. 1999) .
In case of triaxial state of stress and based on the Von Mises yield criterion, the equivalent stress and the equivalent incremental plastic strain are considered as (Chakrabarty 2006) 
The parameter S ij designates the components of the deviatory stress and ij p is the component of incremental plastic strain. Because of the restraint provided by the SPS end plates, it can be assumed that the lateral normal strains, 22 and 33 , are negligible. Therefore, according to the generalized Hook's law, the following relationship is obtained among the normal stresses:
Substituting eq. (17) into eq. (15), we have
where 12 ≈ 1.5V/d sp t sp and 11 = 1.5VL sp d sp /4I. The factor 1.5 accounts for overstrength and strain hardening, as speculated in AISC seismic provisions (2010). Now, the Levy-Mises equation states
For simplicity, a rigid-plastic behavior is assumed for the SPS. Thus, using eqs. (18)- (20), the following relation yields for the ultimate plastic shear deformation of the SPS:
where u is the steel ultimate strain under uniaxial tension (approximately equals 0.2 for mild steel). The denominator of eq. (21) takes the triaxiality effect into account. It can readily be inferred that this effect is of less importance for shorter links. According to AISC seismic provisions (2010), the links not longer than 1.6M p /V p are regarded as shear links. In conventional analysis in which the stress triaxiality is neglected, the ultimate plastic shear deformation is calculated as ͙3 u /2. Finally, the ultimate plastic lateral deformation may be attained as follows:
The SPS performance according to the present analytical study is schematically illustrated in Fig. 3 . It is assumed that the SPS follows the kinematic hardening pattern in the cyclic loading. In the numerical analyses, the cyclic loading is continued until the SPS reaches its ultimate plastic lateral deformation (␦ u ). Although the longer SPSs provide more energy dissipation capability, they can reduce the lateral stiffness of the structure. A balance condition should be considered between these two features. According to the relation developed for the ultimate plastic lateral deformation, the SPS geometric properties may be designed regarding the desired plastic rotation.
Experimental study
To verify the validity and accuracy of the proposed analytical model, an experimental study was conducted on a series of steel frames braced with SPS. Five single-story single-bay chevron braced frames with the general configuration shown in Fig. 4 were employed.
In each specimen, the beam was laterally supported at 75 cm intervals along its length. Lateral support was provided using turn-buckle rods to model the rigid diaphragm slab of real buildings. Previous experimental investigations (Zahrai and Bruneau 1999b) showed that because the floor beam is adequately protected against lateral buckling and the shear panel is relatively short, thus lateral buckling is not likely to occur at the shear panel. Accordingly, no extra lateral support was provided at the SPS bottom end. The specimens were selected so that the effects of some major issues influencing the cyclic performance of this type of braced frames can be determined. These issues include: beamto-column connection type, cross-sectional properties of SPS, link length, brace slenderness, and web stiffener condition.
While in most previous research projects, the box or wideflange H-shaped sections were tested as the link beams, the behavior of narrow-flange sections (IPE sections), which are more susceptible to instability, were examined in this paper. Moreover, the SPS material was chosen of the conventional mild steel whose yield stress is higher than those usually used. It is shown that even a typical IPE section, when used in the SPS can improve behavior of steel structures without the need for lateral support. Because this section is more available in some countries, it can increase the application of such ductile systems with lower cost and more ordinary facilities.
After fabricating the specimens and setting them up, a set of transducers and strain gauges, as shown in Fig. 4 , was provided to register the displacements and strains at different points, respectively. Then, the specimens were white-washed for recognition of the yielded region. Indeed, the flaking of white-washer shows the large inelastic deformation that occurred in the elements. Figure 5 illustrates a typical test setup used in this study.
Design of specimens
Because the design of a single-story single-bay frame under actual loading generally results in small dimensions for the frame members, in each specimen, the SPS was pre-selected based on the laboratory limitations. The maximum load capacity of the actuators was about 300 kN, which should be resisted by the shear strength of SPSs. Therefore, according to AISC seismic provisions (2010), the sections IPE140 and IPE160 were employed for the SPSs. Then, the other members, including beam, columns, and braces, were proportioned to the SPS plastic shear strength specified in AISC seismic provisions (2010). The specifications of the specimens are given in Table 1 . The mechanical properties of the SPS steel were obtained from tensile coupon tests. The results are given in Table 2 .
To reach more energy dissipation capability, the links were intended to have shear-dominant performance. Consequently, the selected links are in the range of short ones. According to AISC seismic provisions (2010), the links not longer than 1.6M p /V p are regarded as short links.
The parameters M p and V p are the full plastic moment and the yield stress in shear, respectively. These parameters are given in Table 3 . As inferred from the table, the link length varies from 0.75M p /V p to 1.25M p /V p . This implies that all the SPSs used in the present research may be treated as short links.
Loading procedure
Each frame was loaded on its top by imposing the loading pattern proposed by ATC-24 (1992) . The loading sequences are shown in Fig. 6 . The ATC loading protocol was found to be more appropriate because it is based on the drift applied on the frame as a whole (Berman and Bruneau 2007) , whereas other loading proto- 
Test results

Hysteretic response of specimens
The specimens were loaded up to several times the drift corresponding to yielding. The lateral force-displacement hysteretic responses of the specimens are illustrated in Fig. 7 . The applied lateral force was registered by the load cell placed between the hydraulic actuator and the specimen. The lateral displacement was measured by transducer T1 (Fig. 4) . In the following, the remarkable observations visualized during the tests are noted.
Specimen SPS1
The specimen SPS1 underwent up to about seven times the drift corresponding to yielding (7D y ). The center of the vertical link gradually started to lose its white wash at a lateral force of 90 kN indicating that initial yielding was taking place. The yielding was completed at an approximately 114 kN lateral force. The yielding completion was visually inferred from the complete color change that occurred within the whole panel. The loading was continued without any specific event until a minor yielding occurred in the bracings at 24 mm lateral displacement. This observation indi- cates that a minor bending was induced in the braces. This may have arisen from the fact that the bracings are not simply hinged to the other elements, as commonly idealized in analysis. At the second cycle of 35 mm lateral displacement, the SPS web ruptured at the vicinity of its connection to the bracing members. This lateral displacement is, approximately, equivalent to seven times the drift corresponding to yielding. The web rupture caused the load-carrying capacity to thoroughly deteriorate.
Specimen SPS2
The specimen SPS2 sustained up to approximately six times the yielding drift (6D y ). An initial yielding occurred at a lateral force of 102 kN. The yielding was completed at 120 kN lateral force, approximately. The loading was continued until a minor yielding occurred in the braces at 27 mm lateral displacement. At the second cycle of 40 mm lateral displacement, the SPS web ruptured in the vicinity of its connection to the beam, and the testing was eventually terminated. This lateral displacement was about six times the drift corresponding to yielding.
Specimen SPS3
The specimen SPS3 underwent more than four times the yielding drift (4D y ). At a lateral force of 95 kN, an initial yielding occurred and was completed at a 126 kN lateral force, approximately. The loading was continued up to 23.5 mm lateral displacement in which the vertical link web buckled locally. The buckling appearance showed that a shear buckling mode took place within the web. The shear buckling resulted in an inclined rupture along the web center, leading to the load-carrying capacity deterioration. The rupture occurred at 28 mm lateral displacement equivalent to about four times the drift corresponding to yielding. This is mainly because in the SPS3, web stiffeners were not provided intentionally. As is clear from Fig. 7c, SPS3 has the poorest performance because in this case the web of the link has buckled. Therefore, the SPS has not shown its entire capacity in energy dissipation.
Specimen SPS4
The specimen SPS4 was loaded more than seven times the drift corresponding to yielding (7D y ). At a lateral force of 90 kN an initial yielding occurred and propagated at a 120 kN lateral force. A general yielding was observed in the link flanges at 22 mm lateral displacement. The flange yielding was followed by its local buckling at the last cycle of 29 mm lateral displacement. At about 50 mm lateral displacement the testing was terminated because a web rupture took place near the link-to-beam connection. It should be noted that the general yielding of the link flanges is because, in the SPS4, the length of the links was increased (see Table 1 ). Consequently, the amount of flexural moment within the link increased, leading to yielding of the flanges. However, the link was still shear dominant according to the AISC seismic provisions (2010).
Specimen SPS5
The specimen SPS5 sustained more than eight times the yielding drift (8D[inf] ). The SPS web initially yielded at a lateral force of 104 kN. Similarly to specimen SPS4, a general yielding occurred in the link flanges, followed by their local buckling at a displacement of 32 mm. Then, increasing the lateral displacement to 40 mm, the link web locally buckled. Finally, the link flange and web ruptured as the lateral displacement reached 50 mm. Figure 8 shows the status of all SPSs at the end of testing.
Dissipated energy
The energy dissipated in each specimen is shown in Fig. 9 . The energy was measured in two manners: (i) the total energy dissipated during the whole cyclic loading; (ii) the partial energy dissipated during a complete excursion of a 30 mm lateral displacement. The 30 mm lateral displacement was chosen because it was, approximately, the maximum lateral displacement undergone by some of the specimens (specimens SPS1 and SPS3). As observed, the specimens with longer links (SPS4 and SPS5) dissipated more total energy compared with their corresponding specimens (SPS1 and SPS2). But, it should be noted that during a common loading excursion (30 mm lateral displacement), they showed nearly the same energy dissipation capacity. Accordingly, although the total energy dissipated by the longer links is greater than shorter ones, they showed the same energy dissipation capacity in a common similar loading excursion. This mainly arises from more cycles tolerated by the specimens with longer links.
The specimen without web stiffeners, SPS3, showed the poorest performance because premature local buckling occurred in the link web.
Evaluation of hysteretic damping ratio
The hysteretic damping ratio can be evaluated for each specimen as follows (Clough and Penzien 1993) :
in which W S and W D are the energy stored in equivalent spring and the dissipated energy, respectively (Fig. 10) . A complete excursion of 30 mm lateral displacement was similarly taken as the base for our calculations. The results are summarized in Table 4 . The damping ratios were evaluated to 34% on average. This level of damping ratio suggests the brilliant capability of the SPS in energy dissipation. Although the specimen SPS3 demonstrated the highest damping ratio, it suddenly lost this capability owing to the premature web local buckling.
Plastic rotation capacity of links
The plastic rotation capacity of the links can be an appropriate criterion to evaluate the link performance. In this regard, the maximum plastic rotation ever developed in the links is extracted from Fig. 7 and given in Table 5 .
The longer links demonstrated more flexibility. As seen in the table, a plastic rotation of approximately 0.15 rad is developed in the specimens with web stiffeners. The specimen SPS3 with no web stiffeners sustained less plastic rotation.
In Table 5 , the maximum plastic rotation obtained from the tests is compared with two different analytical values. The analytical values are derived as noted in the next section. Specimen SPS3 is omitted from the table because it had a different damage mechanism.
As noted in the table, the experimental data and the analytical results are in more dependence on various geometric properties of SPS. Whereas, the results obtained from conventional calculation, in which the stress triaxiality is neglected, are mainly dependent on the length of the SPS. In essence, for longer SPSs in which the stress triaxiality becomes more important, the error of the conventional method increases.
Effect of the framing elements
Columns
The columns of the specimens remained totally elastic and were not supposed to affect the performance of the specimens. Of course, this conclusion is valid only for the current case as a low-rise building.
Beams
The beam of the specimens remained mainly elastic. Indeed, the bracing members transfer an axial force to the beam that is equal to the shearing force acting on the shear panel. This force is rather less than the beam axial load-carrying capacity. For the specimens tested in this research, the axial load transferred to the beam was about 20% of the beam axial capacity. In addition to the axial force, a local moment is introduced to the beam that equals the panel shear force multiplied by the link length. This may cause a large shear deformation within the beam panel zone leading them to the plastic range. The shear deformation is more significant for the stronger and longer links. For instance, a minor yielding was observed within the panel zone of the specimens SPS4 and SPS5, which had longer links. The effect of the beam panel zone on the SPS ductility was addressed in earlier sections.
Braces
In some specimens, a minor yielding was observed at the ends of braces during high inelastic loadings although they were designed according to the code (AISC Seismic Provisions 2010). This was due to a slight flexural deformation at the end of the braces. It can be concluded that for such a ductile system, the conventional bracing connections (as shown in Fig. 4 ) induce a minor bending in the braces. Consequently, the braces should be regarded for this secondary action or the bracing member connections should be closer to the theoretical pinned connections.
Verification of proposed model
The accuracy of the proposed model is verified in this section. To this end, the cyclic performance of specimens is numerically investigated and compared with the corresponding experimental results.
The numerical study was performed using ANSYS finite element software (1992) . The beams and columns were modeled employing the linear elastic element BEAM3. The BEAM3 is a two-node uniaxial element having one rotational and two translational degrees of freedom at each node. The element COMBIN39 was used to model the SPS. This element is a unidirectional spring element with nonlinear generalized force-deflection capability. The force-displacement properties of the COMBIN39 were calculated according to the analytical model presented in this paper. It is noteworthy that the deformation localized within the shear panel is addressed in the model.
The numerical verification was performed in two cases. The first case aims to examine the accuracy of the present analytical model in estimation of the cyclic behavior. For this purpose, the experimental and numerical results obtained for specimens SPS1 and SPS2 are compared in Fig. 11 showing a good correlation. It seems that the final loops of the numerical results have less elastic stiffness. The difference between the elastic stiffness of the last loading cycle for the numerical and experimental results is less than 10%. This difference may be introduced by the residual deformations taking place in the tests, whose effects are not addressed in the analytical models.
In the second case, the accuracy of the formulations in modeling nonlinear static analyses is evaluated. For this purpose, the remaining specimens, SPS3, SPS4, and SPS5, were analyzed under a push-over analysis. In Fig. 12 , the nonlinear static behavior of the specimens is compared with the envelope of the experimental results. Good agreement is observed between the numerical and experimental data.
Because the nonlinear behavior of the frames depends mostly on the link performance, the accuracy of the ANSYS numerical analysis with respect to test data shows the accuracy of the link analytical model.
Conclusion
This paper dealt with the key issues influencing cyclic response of the braced frames using SPS. To predict the cyclic behavior of chevron braced frames having SPS, an accurate and sophisticated analytical model was developed for the SPS. This model can efficiently be utilized for practical structural analysis, as the effect of some issues, including the SPS geometric properties, the beam panel zone, and triaxiality effects, are addressed. To verify the analytical model, an experimental study of five full-scale single story -single bay frames was then reviewed. Further results are pointed out in the following. It should be noted that in all conclusions, the SPS is treated as a short link and dominantly under the shear action even wherever the phrase "longer links" is mentioned.
1. The experimental specimens showed more than 30% hysteretic damping ratio. 2. A maximum plastic rotation of approximately 0.15 rad was developed in the specimens with adequate web stiffeners. The specimen with inadequate web stiffeners sustained relatively less plastic rotation. 3. Choosing a relatively longer link as the SPS might lead to more total energy dissipation capacity. This is because of the increased number of cycles of large deformation that a longer link can tolerate. However, in this case the stress triaxiality may raise the possibility for brittle fracture. 4. Although the longer SPS might provide more total energy dissipation capability, it reduces the lateral stiffness of the structure. A balance condition should be considered between these two features. The relation developed for estimation of the ultimate plastic lateral deformation can be used for this purpose. In the developed relation, the ultimate plastic lateral deformation is directly proportional to the link length, and a deteriorating coefficient accounts for stress triaxiality effect. According to this relation, the SPS geometric properties may be pre-selected regarding the desired plastic deformation. 5. In such a ductile structural system, a minor bending might occur at the end of braces due to the conventional details of brace connections. Consequently, the braces should be regarded for this action or theoretical pin connections should be provided in practice. 
